To produce chitoorigosaccharides using chitosan, we attempted to construct Paenibacillus fukuinensis chitosanase-displaying yeast cells as a whole-cell biocatalyst through yeast cell-surface engineering. The localization of the chitosanase on the yeast cell surface was confirmed by immunofluorescence labeling of cells. The chitosanase activity of the constructed yeast was investigated by halo assay and the dinitrosalicylic acid method.
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Chitosan is one of the most abundant biomasses on earth. Chitooligosaccharides from chitosan polymer have become a remarkable resource for the development of functional foods, artificial skin, and other materials. Synthetic production of chitooligosaccharides from chitosan polymer has been attempted by methods such as the treatment of the chitosan polymer by chemicals or enzymes. 1) Recently, improved, inexpensive, and sustainable methods using enzymes have appeared. For example, chitosanase catalyzes endohydrolysis of -1,4 linkages between N-acetyl-D-glucosamine and D-glucosamine residues in a partly acetylated chitosan. 2, 3) Previously, Paenibacillus fukuinensis chitosanase-encoding gene was expressed in Escherichia coli using a cloned gene isolated by Kimoto et al.
2) P. fukuinensis chitosanase belongs to the 8-glycosyl hydrolase group, because this enzyme has -1,4-glucanase activity besides its chitosanase activity. 2) To produce chitooligosaccharides from chitosan by the enzymatic method, we attempted to construct P. fukuinensis chitosanase-displaying yeast cells by yeast cell surface engineering. [4] [5] [6] Yeast cell-surface engineering is an excellent gene-expressing method that allows the display of proteins and peptides on the cell surface of the yeast Saccharomyces cerevisiae linked to the C-terminal half of -agglutinin. The yeast cells, which display the object protein on the cell surface on the use of cell-surface engineering techniques, can be used as a protein cluster (10 4 -10 5 molecules per cell on the cell surface). 7) This molecular display technique has several advantages. For instance, the enzyme molecules are readily prepared after activation of the promoter and are anchored to the cell surface, eliminating tedious purification and separation processes. In addition, a polymeric substrate such as chitosan is easily hydrolyzed by a cell-surface locating enzyme. This is because it is not necessary for the polymeric substrate to diffuse into the interior of the cell.
Using the cell's molecular display system, an excellent whole-cell biocatalyst was constructed for the production of chito-oligosaccharides from chitosan. 8) was used as a host cell for recombinant DNA manipulation. Saccharomyces cerevisiae strain MT8-1(MATa, ade, his3, leu2, trp1, ura3), 9) was used to display chitosanase on the cell surface. E. coli was grown in LB medium (1% w/v tryptone, 0.5% w/v yeast extract, and 0.5% w/v sodium chloride). The yeast cells were grown either in YPD medium (1% w/v yeast extract, 2% w/v polypeptone, and 2% w/v glucose) or SD-W medium (0.67% w/v yeast nitrogen base without amino acids, Difco, Detroit, MI and 2% w/v glucose with 0.002% w/v adenine sulfate, 0.002%
Plasmid pCAS-chi was used to display chitosanase on the cell surface of S. cerevisiae strain MT8-1, which was constructed as follows ( Fig. 1) : A DNA fragment containing the region encoding the chitosanase gene (1,152 base pairs, bp) from P. fukuinensis was prepared by polymerase chain reaction (PCR) (primers, 5 0 -GAA-GATCTCCATGGACAAGAGATGACGACAAGGCC-GGCGAGATGATGCCGTTC-3 0 BglII site underlined, and 5
0 -CCGCTCGAGCCCGGCTCCTACCAGTTGCC-CG-3 0 XhoI site underlined) using cDNA of P. fukuinensis chitosanase 1) as the template, and inserted into the BglII-XhoI sites of the multi-copy-type yeast cellsurface-displaying cassette vector pCAS1.
10) The resulting plasmid was named pCAS-chi (Fig. 1) . The DNA of pCAS-chi was sequenced using a PCR Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA). The PCR products were analyzed with a DNA sequencer (ABI Prism 373A, Perkin-Elmer/Applied Biosystems, Foster City, CA).
The plasmid, pCAS-chi, transformed the yeast strain by the lithium acetate method using the Yeastmaker transformation system (Takara Bio, Kyoto, Japan).
Immunofluorescence labeling was performed to confirm the cell-surface display of the chitosanase.
6) After cultivation in SD-W medium at 30 C for 48 h, yeast cells were harvested, washed with phosphate-buffered saline (PBS, pH 7.4), and resuspended in PBS containing 1% (w/v) bovine serum albumin (BSA) for 30 min at 4 C. The yeast cells were then incubated for 1.5 h at 4 C in PBS containing 1% (w/v) BSA together with a rabbit polyclonal chitosanase antibody, 2) used as the primary antibody, at a dilution rate of 1:300 (antiserum was raised against chitosanase by injecting into rabbits a fragment of the enzyme deficient in the NH 2 -terminal 41-aminoacid region and the COOH-terminal 372-aminoacid region.
2) ). After that the cells were washed and incubated for 1 h at 4 C with the secondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR). After washing with PBS, the cells were observed by fluorescence microscopy (excitation at 470 nm and emission at 530 nm) (BH-BFL, Olympus Optical, Tokyo).
To detect the glucanase activity of transformants, a plate assay was performed by the Congo Red staining method. 11) Transformants with chitosanase displayed on the yeast cell surface were spread on SD-W agar plates containing 0.1% carboxymethyl-cellulose (CMC) as substrate. After incubation at 30 C for 12 h, the plates were stained with 0.1% Congo Red to reveal the remaining CMC, and were then washed with 1 M NaCl. 10) Next, observation of the halo of chitosanasedisplaying cells was done.
The hydrolysis activity of the chitosanase was measured by the dinitrosalicylic acid (DNS) method. 6) The DNS reagent, containing 0.5% (w/v) DNS, 1.6% (w/v) NaOH, and 30% (w/v) sodium potassium tartrate, was prepared by dissolving each component in distilled water. Glycol chitosan (G-7753, Sigma-Aldrich, St. Louis, MO), as substrate of the chitosanase, was adjusted to a concentration of 0.7% with 50 mM sodium acetate buffer (pH 5.0) and used as the substrate solution. Yeast cells were cultivated in 10 ml of SD-W medium and collected by centrifugation at 1;500 Â g at 4 C for 5 min. After the cells (A 600 = 30) were washed with distilled water, the reaction was initiated by adding 1 ml of substrate solution. After incubation for 6 h at 30 C, the solution was centrifugation at 1;500 Â g at 4 C for 5 min. The supernatant (0.5 ml) was added to 1 ml of DNS reagent, and the mixture was then placed in a boiling water bath for 5 min. The solution was cooled on ice. By measurement of the absorbance of the solution at 525 nm, the amount of total soluble sugar released from the substrate was calculated.
To confirm the localization of the chitosanase on the yeast cell surface, immunofluorescence labeling of the cells was performed. No fluorescence signal was observed on the cell surface of the MT8-1 strain, which was the negative control ( Fig. 2A and B) . Yeast cells expressing the chitosanase were confirmed by the presence of Alexa Fluor Ò 488 (Fig. 2C and D) , indicating that chitosanase was displayed on the yeast cell surface.
A halo of chitosanase-displaying cells was observed, but no halo of the MT8-1 cells with the non-harboring chitosanase-encoding gene as a negative control was observed ( Fig. 2E and F) . These results indicate that the chitosanase-displaying yeast cells had glucanase activity toward CMC.
The chitosanase activity toward glycol chitosan was measured by the DNS method. Chitosanase-displaying yeast cells produced 1.626 mM of free glucosamine (the 4.8% glucosamine units released from glycol chitosan) from glycol chitosan after incubation for 6 h. The supernatant of the culture broth of chitosanase-displaying yeast did not show any chitosanase activity. MT8-1 as the control did not show any chitosanase activity. It was confirmed that P. fukuinensis chitosanase can be displayed as an active form on the cell surface of yeast. Cell-surface-displaying yeast has many advantages as a biocatalyst for bioreaction process as compared with conventional immobilization methods for enzymes. For example, it can be used as a whole-cell that is a selfimmobilized enzyme without any enzyme immobilization procedures, and living whole cells can be remade as a cell biocatalyst. However, the chitosanase activity of the culture broth of P. fukuinensis was about 20 times that of chitosanase-displaying yeast cells in the culture broth.
2) The amount of proteins expressed on the cell surface was not sufficient.
In conclusion, we succeeded in displaying chitosanase from P. fukuinensis on the cell surface of S. cerevisiae. The cell-surface-displaying yeast, which has the possibility of producing large amounts of chitosanase rapidly and easily, should be suitable for the degradation of chitosan. 
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